After the Fukushima Dai-ichi Nuclear Power Station accident, the future role and perspectives of the nuclear energy and nuclear fuel cycle is being called into question in Japan. Regarding fast reactor (FR) and related fuel cycle system, the significance of the Research, Development, Demonstration, and Deployment (RDD&D) of them is also being argued. In this paper the socio-economic effect of the FR cycle deployment was assessed by a combination system of two energy economy models, which are a recursive dynamic Computable General Equilibrium (CGE) model based on GTAP-E, i.e. an energy environmental version of the "Global Trade and Analysis Project (GTAP)" model, and a dynamic optimization type energy system model called "Dynamic New Earth 21 (DNE21)" model to clarify the significance of the RDD&D.
Introduction
Japan Atomic Energy Agency and the electric utilities in Japan have developed FR fuel cycle technologies for commercial use with the goal of developing of commercial image and establishing of its technique on July 1, 1999 [1, 2] . As a part of ongoing Fast Reactor Cycle Technology Development (FaCT) project, started in 2007, JAEA has developed an effect assessment method for global scale to adequately describe FR cycle deployment and assess the benefit from the deployment of FR fuel cycle [3] .
After the occurrence of the severe accident at the Tokyo Electric Power Company (TEPCO) Fukushima Dai-ichi Nuclear Power Station caused by the Great East Japan Earthquake on March 11, 2011 , the Japanese government decided to reconsider "Basic Energy Plan" and "Nuclear Energy Policy Framework". The FaCT phase II, which was scheduled to start from JFY 2011, has not been initiated yet. The studies to achieve further levels of the safety and reliability of the FR cycle are underway through the lessons learned from the Fukushima Dai-ichi Nuclear Power Station accident.
Since some dynamic computational general equilibrium (CGE) models are used in the debate of "Energy and Environment Council" and "Fundamental Issues Subcommittee for Advisory Committee on Energy and Natural Resources" to assess the economic effect of the energy portfolios (energy best mixes), CGE models can be considered as one of the popular tools to describe the future energy scenarios. Therefore, they will be the primary choice to assess the significance and to consider future deployment scenarios of future FR cycle technology development in Japan although the difficulties in long-term assessment should be kept in mind. The use of those models has the benefit of being able to provide a reasonable guideline from the economic viewpoint especially in a situation like recent Japan.
The JAEA energy economic model consists of two different computable models. It is able to assess energy supply structure including nuclear power generation capacities, primary energy demand, GDP growth and other socio-economic effects, etc. from input data such as population, industry trade structure database, energy potential/cost data, and technical data of various energy supply technologies.
Energy-economic model for assessment
The energy economic model is comprised of a recursive dynamic CGE model based on GTAP-E [4] , an energy environmental version of GTAP model [5, 6] , and a dynamic linear optimization type energy system model called "DNE21" model. Two models function correlatively that a recursive dynamic CGE model assesses GDP, production value, energy demand and other index based on inputted energy supply cost and structure calculated by DNE21model [7] [8] [9] . The image of the model is shown in Fig. 1 .
Fig. 1. Combination of two energy economic models
The combination tool of LDNE-21 and dynamic GTAP-E was used to figure out both Japanese and world scenarios in this paper (See Fig. 1 ). In this study, a recursive dynamic CGE model coupled with LDNE-21 as energy systems model to optimize energy supply profiles from the viewpoint of long-term whole energy system cost minimization. The coupled system can also assess the economic impact of FR deployment including the influences from capital stock changes caused by international investments and some dynamic constraints of the FR deployment and operation (e.g., load following capability and plutonium mass balance). The LDNE-21 model was used mainly for the calculation of energy scenario; the GTAP-E model was used for the calculation of socio-economic effect with the energy sector.
Outline of dynamic CGE Model
GTAP model, developed by Purdue University, is a widely used CGE model to assess socio-economic effect of trade policy based on an international trade statistics database which has been upgraded on a regular basis [5, 6] . GTAP-E model, which was developed to study energy and environment issues, treats includes energy element as a sub element of capital-energy composite which is one of the major production elements (natural resources, land, labor, all other input) [4] . On GTAP models including GTAP-E, an economic structure change, e.g. energy price upturn, from primary equilibrium condition is assumed, and new equilibrium condition led by the convergence of ripple effects from the change is calculated, and then, socio-economic effects are assessed by comparison of those equilibrium conditions. On the model, industry, private household budget, and government are assumed as the trading agents.
Evaluation of long-term change of macroeconomics is needed to assess ultra-long-term socioeconomic effects for FR cycle deployment. Although international capital flow and stock have to be taken into account in the assessment model to the evaluation, it is not possible to take into account them in the comparative statics model such as standard GTAP model. In real society, capital has international fluidity; investors invest to the region, where has high expected rate of return, beyond the border to seek higher return. A part of the investment lead to income growth as the capital stock in the region and the increased incomes stimulate economic activity. This study used a dynamic recursive CGE model, based on GTAP-E, extended to take into account the international capital flow and stock [9] .
A key function added to original GTAP-E was international capital transfer mechanism (see Fig. 2 ) during the development of the model. The driving force of the interregional capital transfer is the difference of rates of return among region to another. The approach can be called "disequilibrium approach with three rates of return" which is based on the trial in GTAP-dyn model [10] , etc. to [11, 12] to express international capital mobility, stock flow dynamics, and foreign asset income flows.
Outline of DNE21 Model
DNE21 is a dynamic linear optimization type energy system model, which has been developed by Yamaji and Fujii, et al, of Tokyo University [6] , to build global warming mitigation strategies in terms of energy, environment, economy, and various other aspects from a long-term and global point of view. Optimization type model describes the technical choice of each process, such as primary energy supply, conversion and final consumption, for energy systems. It is possible to quantitative analysis and seeks the combination of the techniques to minimize energy system cost, to maximum consumption in the model. In the original DNE21 model, uranium, nuclear fuel cycle, hydrogen production by nuclear system, and other advanced technologies are not included. This study used DNE21 model which is able to take into account those energy systems. As a result of the Great East Japan Earthquake, "Options for Energy and the Environment" has been argued in "Energy and Environment council" and "Fundamental Issues Subcommittee for Advisory Committee on Energy and Natural Resources" to rethink "Basic Energy Plan". For the purpose of assessing FR cycle system in the energy mix examples in recent Japanese national debates, several energy systems which are treated in DNE-21were segmentalized to follow the analyses in the debates. The added technologies are two types of hydraulic power technologies (ordinary and small-scale), wind-power generation technologies (land-based and off-shore), solar-power generation technologies (residential and large-scale), and cogeneration technologies (gas and oil). Since each technology has its own inputs for a calculation after the revision, the more detailed information can be reflected in the assessment.
Revisions of the energy-economic models
Whereas the world is divided into the seventeen (without Africa) regions in the dynamic GTAP-E model, the former version of DNE21 used by the authors has only ten regions. To improve the area resolution of the assessment and to establish more efficient linkage of the models, the number of the regions in DNE21 was increased from ten to eighteen. Especially, the area resolutions in Asia and Europe are important because of the spread nuclear energy use in Europe, and the growth of nuclear energy use in Asia as a background of their rapid economic growth. Revised area resolution is shown in Table 1 . Furthermore, nuclear fuel cycle calculation module was improved to calculate more realistic fissile material constrains by the burnup calculation function using the loading fuel composition and the transition matrix which indicates the radionuclide transition ratio for each nuclide in nuclear fuel. The revision enabled us to derive more realistic FR deployment capacities based on more accurate fissile material (47 actinide) balance calculation.
The recent revisions to the energy economic models mentioned above helped us to describe more accurate future energy system and nuclear fuel cycle perspectives. The improved energy economic models were used in the following parts of this study.
Global Energy Scenarios and Cost-Benefit Analysis on FR cycle development in Japan

Major Suppositions for the assessment
According to the recent national debate on the nuclear energy policy, the long-term perspectives of nuclear fuel cycle and future FR cycle are quite uncertain at present in Japan. However, it is still more important to make effort to provide objective and unemotional proposals and to figure out the results of the public reactions and opinions on the nuclear energy contribution in future Japanese energy portfolio. It is sure that renewable energy technologies other than conventional hydraulic power technology will need considerable periods to occupy important portion in Japanese electricity supply even if no nuclear power stations are built for decades. Thus, nuclear industry will continue to be important in Japanese economics and the FR cycle development options, which should take into the social circumstances and future other energy technologies development situations, remains important. It is necessary to suppose the baselines of the economic conditions and energy conditions to set the basic directions of assessment. 
Major Suppositions for socio-economic and energy conditions
Long-term population estimation and economic growth forecast are the most fundamental suppositions among all suppositions used in this study. Regarding the population prospect, the United Nations published World Population Prospects The 2010 Revision which contains the long term world population projection until 2100. The medium estimation for future world long term population in the UN prospect was mainly used in this study. The population supposition is shown in Fig.4 . Several international organizations have published their long-term projections in energy sector recently (IPCC/SRES [13] , OECD/IEA [14, 15] Both energy technologies and natural resources potentials are also important input for the assessment. The data related to nuclear energy are described in the next section. WEO 2011 and ETP 2010 were used as the reference for the suppositions for energy system conditions as is the case with the socio-economic conditions. Three major scenarios, which are "New policies scenario", "Current policies scenario", and "450 scenario", are listed in WEO2011. Besides the WEO 2011 and ETP 2010, IPCC studies and the data in US/DOE/EIA report [16] were also referred to suppose the energy system. The three energy scenarios developed and the world nuclear energy capacity supposition until 2050 which are mainly developed from ETP2010, WNA 2010, and long-term nuclear plans of major countries are shown in Fig.5. 
Major LWR and FR cycle conditions including nuclear energy scenarios
Since nuclear energy is a representative of base-load electricity resources, it is not often to use it for load following operation. Therefore, it is adequate to suppose the upper limits for the share of nuclear energy in the electricity portfolios to get reality-based results. They were decided considering the share for nuclear energy in 450ppm scenario, etc. of WEO 2011 except for Japan. The limit was set at 35% for each region.
Cost data for energy technologies are taken from various reports. The power generation costs for Japanese power generation technologies were set from "The report of Cost, etc. review committee (tentative translation)". Most part of the power generation cost except for Japanese technologies was set from "Projected Costs of Generating Electricity 2010 Edition" by OECD/IEA and NEA. "Annual Energy Outlook" by DOE-EIA [16] and other reports by international organizations, government, and laboratories were used to set the input data. The specifications of LWR cycle in Japan were set from the recent governmental study on the nuclear energy policy. The reactor lifetime is 40 yrs; the load-factor is 70%. Concerning the LWR cost in Japan, the power generation cost was 8.9 JPY/kWh. They were taken from "The report of Cost, etc. review committee (tentative translation)" [17] whose cost corresponds to the summation of conventional power generation cost, additional safety measures expense, expense to meet accident risk. As for FR cycle specifications including power generation cost, the design study results of FaCT phase-I were used.
Socio-economic effects of FR Research, Development, Demonstration, and Deployment
According to the recent national debate on the nuclear energy policy in Japan, the long-term perspectives of nuclear fuel cycle and future FR cycle are quite uncertain at present. Nevertheless, the authors think it is still more important to make effort to proceed objective and unemotional analyses and proposal if the reactions and opinions which are expressed on the nuclear energy contribution in future Japanese energy portfolio. It is sure that renewable energy technologies other than conventional hydraulic power technology will need considerable periods to occupy important portion in Japanese electricity supply even if no nuclear power stations are built for decades. Moreover, many countries with nuclear energy consider that FRs will be deployed from around 2030s. Thus, nuclear industry will continue to be important in Japanese economics and the FR cycle development options with taking into the social circumstances and energy technologies development situations in future. An example of electricity supply structure until 2200 in Japan is shown in Fig. 6 as well as a world structure in Fig. 7 . They suppose FR deployment from 2050 in the world. In spite of that the total power generation keeps around one PWh/y (1,000TWh/y) in Japan (See Fig. 6 ), both the total power generation and the nuclear power generation in the world will continuously increase from Fig. 7 .
In case of the deployment of economic competitive FR with innovative technologies, the long-term socio-economic effects were assessed for the scenarios associated with some economical uncertainties; the cumulative effects of the FR deployment was several TUSD (Trillion US Dollar) or hundreds of TJPY (Trillion Japanese Yen) in worldwide. The calculated world GDP growth is shown in Fig.8 . The total GDP will reach 400 TUSD in 2100. The figures included both ripple effects and energy substitutions among others. Economic effects by the FR and related fuel cycle deployment were estimated with the scenarios. The accumulated increase of Japanese GDPs to 2200 will reach around four TJY (Trillion Japanese Yen) for the nuclear energy capacity of 20GWe and six TJY for that of 30GWe in Japan. Several hundred TJY in the world GDP increase will be expected from the global FR deployment. The increase of the consumption occupies more than a half in the GDP improvement effect. As for the rest of GDP, the more nuclear capacity will be installed in Japan, the more increase of balance of trade though the benefit from the investment will be changed little. It is indisputable that no economic benefit will be expected if nuclear energy capacity falls to zero in future. The deployment of FR cycle is also effective to vitalize the industries and households.
An example of the production amount change by the deployment of FR cycle is shown in Fig. 9 . Some industries in energy field show the decline in the amount of sales though electricity utilities increase their sales. Metal industries, which are considered to be influenced by the electricity price, extend their productions. Furthermore, other industries also increase their productions to a greater or lesser extent.
Regarding the economic effect (sales), energy industries reduce their sales though the reduction of electricity price. However, both the manufacturing industry and service industries raise their sales drastically; the growth of them serve as important driving forces in future economic growth in Japan from the assessment. Though electricity price decline make some industries' sale decrease, their production amounts were increased according to the results in Fig.8 . Thus, the household or consumers can derive benefit from the general lowering of prices. The influence of discount rate is large for long-term assessment. If the discount rate of 3% is chosen for the assessment, the GDP increase in present value falls to around one to two TJY with the conditions of basic GDP growth rate is around or below 1%. However, the difference between GDP growth rate and long-term discount rate in Japan (ex. interest rate of long-term government bond) is considered nearly 1% from the Japanese historic data; the discount rate should be larger (i.e. around 2%) for reference.
If the deployment FR is earlier, the expected economic effects will be larger. The effects varied depending on the nuclear capacities in those scenarios. In light of the facts that both the RDD investment toward the deployment of FR cycle has certain economic effect (including ripple effect) and international cooperation can reduce the RDD expense from one TJY, the economic effect of FR cycle RDD&D can be large enough to be compared with the future investment.
Conclusion
The analysis result shows FRs with high economic potential are deployed on a massive scale in Asia (including Japan) and other countries. In addition to that, the combined analyses of both energy economic models show the promising economic effect by the plentiful inexpensive electricity supply from FRs. In particular, the Gross Domestic Product (GDP) growth addition in Japan compensates expected RDD&D costs after the several decades from FR deployment. Besides calculating GDP after the commercial plants deployment, the socio-economic effects from RDD&D activities were also estimated. The added values caused by RDD investments run up the initial investment based on the assessment. The RDD&D of FR has still cost-effectiveness even under the "nuclear energy reduction circumstance" as long as the nuclear energy is used continuously, furthermore, the significance and economic effect of the RDD&D for FR cycle will be larger from the global viewpoint.
This study tried to assess the RDD&D of FR cycle effect, benefit from export of FR cycle based on the detailed calculation of ripple effects on various industries through the calculation with inter-industry relations table in addition to the energy economic model analyses. It seems to be difficult to assess those effects appropriately directly from the results of the current energy economic model. Despite that, the issue on the compatibility of the GTAP-E model and the inter-industry relations table in an assessment should be streamlined by the improvement of the model in future.
